Organ transplant guidelines in many settings recommend that people with potential hepatitis C virus (HCV) exposure or infection are deemed ineligible to donate. The recent availability of highly-effective treatments for HCV means that this may no longer be necessary. We used a mathematical model to estimate the expected difference in healthcare costs, difference in disability-adjusted life years (DALYs) and cost-effectiveness of removing HCV restrictions for lung and kidney donations in Australia. Our model suggests that allowing organ donations from people who inject drugs, people with a history of incarceration and people who are HCV antibody-positive could lead to an estimated 10% increase in organ supply, population-level improvements in health (reduction in DALYs), and on average save AU$2,399 (95%CI AU$1,155-3,352) and AU$2,611 (95%CI AU$1,835-3,869) per person requiring a lung and kidney transplant respectively. These findings are likely to hold for international settings, since this policy change remained cost saving with positive health gains regardless of HCV prevalence, HCV treatment cost and waiting list survival probabilities. This study suggests that guidelines on organ donation should be revisited in light of recent changes to clinical outcomes for people with HCV.
and the associated risks and health costs must be balanced against the lost opportunity of not using organs for transplantation to terminally ill patients.
Organ transplant waiting lists are notoriously long and many people die while waiting to receive a life-saving donation 17 . This is primarily due to the small proportion of people who die in the specific circumstances under which organ donation is medically feasible (approximately 1% of hospital deaths 14 ) . Therefore when these circumstances are met, maximising the supply of organs by minimising exclusion criteria is critical. For example, in Australia 718 kidneys and 375 lungs were transplanted in 2015 18 ; however eight people died waiting for kidney transplants, nine people died waiting for lung transplants 17 , 12,706 people were on dialysis 19 and 90 people remained on the waiting list for a lung transplant 20 . In the same year approximately 10% of potential donors were excluded based on potential exposure to HCV 21 (approximately 38 and 72 lung and kidney transplants respectively, based on 2015 donor numbers 18 ), indicating that relaxation of this exclusion criterion could potentially have an immediate impact on the quality of life for those on the waiting list.
The risks of transplanting an organ from a HCV infected source is in causing new HCV in the organ recipient. If HCV were transmitted to a recipient through a transplant, and the recipient failed to clear HCV through treatment, HCV in combination with lifelong transplant-related immunosuppressing medications would accelerate the progression of HCV-related liver disease 22, 23 . Under these circumstances the individual patient may have had better long-term health outcomes had they spent a longer period on the waiting list to avoid an HCV-infected organ.
In order to consider whether removing the current policy, which deems anyone with potential HCV exposure, past HCV infection or current HCV infection (PWID, people with a history of incarceration and anyone who is HCV antibody positive, regardless of HCV NAT status-henceforth people with "potential HCV infection") unsuitable to donate, there is a need to weigh the potential gains from increased organ supply (leading to reduced deaths on the waiting list and less time spent in a state of poor quality of life) against the potential negative losses (accelerated liver disease and mortality risks for those who become HCV-infected following an organ donation and fail to respond to HCV antiviral treatment). In light of the HCV antivirals' potential to clear HCV from infected people, this paper uses a mathematical model to determine the cost-effectiveness of removing potential HCV infection as an exclusion criterion for organ donation. We estimate the expected change in average healthcare costs and disability-adjusted life years (DALYs) per person associated with the policy change in Australia, and perform a sensitivity analysis around model inputs to make the results applicable to other international settings.
Methods A deterministic cohort model was used ( Fig. 1) , with independent copies and alternate parameters used for people requiring lung and kidney transplants. All parameters, their uncertainty ranges and sources are provided in Table 1 . The model was implemented in Matlab 2018b and progressed in weekly time steps (where applicable annual transition probabilities in Table 1 were converted to weekly transition probabilities by inverting the formula p annual = 1 − (1-p weekly ) 52 ).
Status-quo.
In the status-quo scenario, people in the model were classified as either on the transplant waiting list (W) or post-donation with no HCV (S) ( Fig. 1 , with the probability that the donor was potentially exposed set to zero). The model was initiated with a cohort of people aged λ on the waiting list, and each time step a proportion 1/τ were assumed to receive an organ and move to the S compartment (with τ estimated as the median waiting period 20, 24 ).
Mortality was also included. Each time step a proportion of people on the waiting list (μ wait ) 17, 19 and who had received a transplant (μ post ) 20, 25 were assumed to die from complications, in addition to a proportion of the whole cohort (μ all ) who were assumed to die from age-dependent all-cause mortality 26 (modelled to increase over time as the average age of the cohort increased).
Unlike people on the kidney waiting list who have a more homogeneous mortality risk, there are a subset of people on the lung waiting list who are identified clinically as having a significantly higher mortality risk and are prioritised to receive donor lungs. Therefore, the waiting list in the lung model was stratified by risk, with a subset of patients classified as high priority (W high ). These high priority patients were modelled to have a higher waiting list mortality (by a factor Γ relative to the low priority group) and shorter waiting time (by a factor γ) due to compatible lungs being preferentially allocated to them.
Policy change scenario. The intervention being considered enabled people with potential HCV infection to donate organs. This was modelled by reducing the organ waiting time and introducing a risk to patients of acquiring chronic HCV post-transplant.
The waiting period τ was scaled by a factor (1-Ψ), where Ψ represents the proportion of potential organs in Australia that are currently ruled out uniquely by these criteria. Ψ was calculated as the proportion of donors that are currently deemed ineligible due to potential HCV infection (Ψ 1 ) multiplied by the proportion who would not be ruled out for other factors, such as smoking (1-Ψ 2 ).
The proportion of transplant recipients who acquired chronic HCV post-transplant (β) was estimated based on: the probability that the donor was among this newly eligible group (Ψ); the probability that the donor had current HCV (HCV NAT-positive) (β 1 ); the probability that the infection was transmitted during transplant (β 2 ); the probability that a newly acquired HCV infection would not spontaneously clear in the organ recipient (β 3 ); and the probability that a chronically infected organ recipient would fail to be cured from HCV treatment (given early to recipients of HCV NAT-positive organs) (β 4 ). That is, β = Ψ* β 1 *β 2 *β 3 *β 4 .
In the intervention scenario, the model was again initiated with a cohort of people aged λ on the waiting list. Each time step a proportion (1-β)/(τ(1-Ψ)) were assumed to receive an organ and move to the post-donation no HCV (S) compartment, and a proportion β/(τ(1-Ψ)) were assumed to receive an organ and move to the post-donation chronic HCV compartment (C). Each time step a proportion of people with chronic HCV (Φr Cirrhosis ) could develop compensated cirrhosis (CC), where r Cirrhosis was the disease progression probability obtained from the literature and Φ > 1 was a factor to account for additional disease progression risks among the post-transplant population. Similarly, a proportion of people with CC could develop decompensated cirrhosis (DC) (Φr CC to DC ) or hepatocellular carcinoma (HCC) (Φr CC to HCC ), and a proportion of people with DC could develop HCC (Φr DC to HCC ). Increased mortality risks were included for people with DC and HCC (μ DC , μ HCC ).
Model equations. The model scenarios can be described by the following sets of differential equations, based on the parameters and compartments introduced in the above sections. For the kidney status-quo scenario:
For the kidney intervention scenario:
wait all Figure 1 . Model schematic. The model was initiated with a cohort of individuals waiting to receive an organ. People in the model could die while on the waiting list, from complications after receiving a transplant or from age-dependent all-cause mortality. When past or current HCV infection was removed as a donor exclusion criterion, transplant waiting times were decreased and individuals could end up chronically infected posttransplant if: the donor had been exposed, the donor was chronically infected, the infection was transmitted during transplant and the recipient failed to spontaneously clear or respond to prophylactic HCV treatment. People who ended up with a chronic HCV infection post-transplant could develop advanced liver disease, increasing their mortality risks. 
HCV transmission
Percentage of donors with potential HCV infection who actually have HCV (HCV NAT-positive) β 1 6.6% ±10% HCV prevalence in 'high risk behaviour' organ donors 34 . Assumed same for lungs and kidneys.
Probability of acquiring HCV from a HCV-infected donor organ β 2 94% 86-100% [35] [36] [37] . Assumed same for lungs and kidneys.
Probability of spontaneously clearing HCV if infected from a transplant 1-β 3 0% 0-29% 38 . Conservative estimate in the setting of immunosupression.
HCV cure rate post-transplant 1-β 4 95% ±10% 39, 40 .
HCV parameters
Relative increase in liver disease progression post- 
For the lung status-quo scenario:
For the lung intervention scenario: 
Outcomes. The model was run until everyone in the initial cohort had died. Total costs were calculated by multiplying the person-years spent in each compartment by the annual costs associated with each condition, including medications, procedures and healthcare provider costs ( Table 2 ). DALYs were calculated by adding the years lived with disability (by multiplying the person-years spent in each compartment by the associated disutility weightings in Table 2 ) to the years of life lost due to deaths (by considering the age at death). Costs, years lived with disability and years of life lost were discounted at 3% per annum 27 .
Uncertainty analysis.
A Monte Carlo uncertainty analysis was conducted to account for multivariate parameter uncertainty. Individual parameters were parametrised as uniform probability distributions, with upper and lower bounds defined by their range as estimated in the literature, or +/−10% of their point estimates where this was not available (Tables 1 and 2 ). Random sampling was used to generate 1000 parameter sets that were used for 1000 independent model runs. Confidence bounds for costs and DALYs were taken as the interquartile range (IQR) of the resulting 1000 outputs.
Additional settings. The cost-effectiveness is likely to vary between countries based on current organ waiting times, HCV prevalence among potentially exposed donors, the probability of death while on the waiting list and the cost of HCV treatment. Therefore, to estimate how the results would translate to other settings, a sensitivity analysis was undertaken to test the impact on cost-effectiveness when: the HCV prevalence among potentially exposed donors ranged from 0% to 30%; the cost of HCV treatment ranged from A$0-20,000; the average waiting time on the donor list ranged from 100-200 days on the priority lung waiting list, and 0.5 to 5 years on the kidney waiting list; and the annual probability of death while waiting to receive an organ ranged from 10-20% for kidneys and 10-50% for lungs.
Results
If a 10% boost in donor numbers were possible by transplanting lungs and kidneys from people with potential HCV infection 21 , this would represent an additional 38 and 72 potentially life-saving lung and kidney transplants in Australia per year respectively (based on 2015 donor numbers 18 ). Allowing lung and kidney transplants from donors with potential HCV infection was estimated to be cost saving and to result in modestly improved health outcomes (Fig. 2) . On average, per person requiring a lung or kidney transplant the policy change saved AU$2,399 (95%CI AU$1,155-3,352) and AU$2,611 (95%CI AU$1,835-3,869) respectively, and averted 0.0111 (95%CI 0.0077-0.0150) and 0.1501 (95%CI 0.1187-0.1597) DALYs respectively. In all cases of the uncertainty analysis, the expected benefits were positive.
Sensitivity analysis. The policy change to allow donations from individuals with potential HCV infection
remained cost saving with positive health gains regardless of HCV prevalence, HCV treatment cost and survival probabilities for people on the waiting lists ( Figs. 3 and 4) . The lung transplant model was the most sensitive to changes in the probability of death while on the priority waiting list. When the mortality parameter was lower, fewer DALYs were averted but greater costs were saved, since without the additional organs people on the waiting list were living longer and accruing more costs. The kidney transplant model was similarly sensitive to changes in the probability of death while on the waiting list, as well as to the average time spent on the waiting list (where waiting lists are longer the policy change is more cost saving and averts more DALYs). For both models the cost of HCV treatment had minimal impact since it was always small compared to the costs of care and only given to recipients of HCV NAT-positive donors, (estimated at 6.6% of all those extra organs that might be available under this policy change; Table 1 ). The background HCV prevalence (i.e. probability of a potential HCV infection being a current HCV infection had minimal impact on results. In particular, the case with zero prevalence represents a scenario where only the benefits of the additional organ supply are seen.
Discussion
Using a mathematical model we estimated that the inclusion of donors with potential HCV infection for lung and kidney transplantation would be cost saving and result in better overall health outcomes. Whilst calibrated based on Australian inputs, these findings are likely to hold for international settings with comparable health systems, since this policy change remained cost saving with positive DALYs averted regardless of HCV prevalence, HCV treatment cost, donor organ availability and survival probabilities for people on the waiting lists.
www.nature.com/scientificreports www.nature.com/scientificreports/ Notably, the estimated population-level health impact was quite modest, since it applied to only the relatively small percentage of additional donors-that is, these averages are weighed down by the fact that most people (around 90%) would be unaffected by the change. Individuals who did receive these additional organs would likely have a marked improvement in health and lifestyle, and there is precedence for transplanting organs that need to be followed by therapy, with prophylaxis protocols already in place for many infections (e.g. cytomegalovirus, Epstein-Barr virus, meningococcal meningitis and syphilis).
Because of the extreme benefit possible for these vulnerable patients, there are ethical issues that need to be considered as part of this policy change; individuals on the waiting list would need to be educated about the specific additional risks that apply to them in order to give fully informed consent. There is much excitement about the highly effective treatments for HCV, and as more case studies become available on the outcomes of HCV-infected donor organs, more accurate information about risks of HCV transmission and mitigation will be available for these patients. Nevertheless, initial findings indicate that even in the case that HCV were transmitted, better individual-level outcomes are likely given HCV remains easy to treat post-transplant 16 , in particular if the donor organs are targeted to those most in need.
It is not particularly surprising that the outcomes were robust with respect to the cost of HCV treatment and background HCV prevalence. This is because even for places where HCV infection prevalence (as opposed to merely potential HCV infection) is extremely high, it is only likely to impact a minority of donors; for example Egypt has among the worlds' highest general population HCV prevalence (approximately 10% 28, 29 ), but even this represents a minority of donors. Moreover, even for patients who receive an infected organ and fail to spontaneously clear, in places like the US where HCV treatment costs are among the highest globally 30 , this one-off HCV antiviral cost is comparable to the ongoing annual dialysis costs of AU$65,000 for people on the waiting list.
Transplanting HCV-positive lungs and kidneys may be even more cost saving than we have estimated due to a number of conservative assumptions used. First, we have taken a health system approach to estimating costs that does not account for the loss of economic productivity individuals may experience while on the waiting list, or the financial support they may require if unable to work. Second, we considered independent lung and kidney models; however adding a single potentially exposed HCV-infected patient to the donor pool can provide additional organs or tissue for multiple purposes. Third, for more complex cases requiring multiple organs, once a donor-recipient match is found there are likely to be technical efficiency gains through combined procedures. Fourth, and perhaps most importantly, donor organs are allocated according to need and targeted to those most likely to die without them. Therefore, in practice, any additional organs would be provided in a way that 43 and lung 44 . Health utility on priority lung list assumed to be halved.
Post-transplant 0.7 0.56-0.74 Similar estimates for kidney 43 and lung 44 .
Chronic HCV + post-transplant 0.65 SD = 0.15 [45] [46] [47] , assumed same as just HCV.
Cirrhosis + post-transplant 0.55 SD = 0.24 [45] [46] [47] , assumed same as just HCV.
Decompensated cirrhosis + posttransplant 0.45 SD = 0.14 [45] [46] [47] , assumed same as just HCV.
Hepatocellular carcinoma + posttransplant 0.45 SD = 0.14 [45] [46] [47] , assumed same as just HCV.
Costs a
Annual costs on waiting list www.nature.com/scientificreports www.nature.com/scientificreports/ maximises the life and health utility gained. For our lung model, we approximated this by including a higher risk category (since the difference between the higher and lower risk is so stark); however the general random mixing assumptions inherent in compartmental models, even within the high-risk category, mean that the benefits of such targeted interventions are underestimated. For our kidney model we have assumed an average disutility while on the waiting list, when in reality these individuals will gradually deteriorate over time, with additional organs being allocated where the benefits are maximised. These underestimates of cost-effectiveness may be balanced in part by the additional HCV testing costs for donors with potential HCV infection, but these are expected to be trivial compared with the costs associated with the ongoing management of patients on the waiting list.
There are several key limitations to this study. Our parameters come from a number of sources with their own uncertainties that may not reflect perfectly the donor and recipient population. Moreover, we have used population-level averages when there is extreme heterogeneity among people requiring lung and kidney transplants. To attempt to account for this uncertainty and heterogeneity, we performed a Monte Carlo uncertainty analysis to incorporate the possible ranges of parameters into our estimates. This resulted in fairly modest confidence intervals, providing confidence in our estimates. Nevertheless, we emphasize that the potential pairing of HCV-infected organs should be carefully considered by specialists before transplant to minimise adverse outcomes. As HCV treatment pilots among organ recipients are scaled-up in the community, it will become clearer which, if any, characteristics may indicate potential HCV treatment failure, and this should form a part of any decision. Our model has also not accounted for the numerous comorbidities that may be present among organ recipients, and again we urge that caution should continue to be taken in the recipient donor matching process.
Conclusion
In light of recent changes to clinical outcomes for people living with HCV, removing potential HCV infection as an ineligibility criterion for lung and kidney donation would increase the donor pool, be cost saving, and lead to better population-level health outcomes. Guidelines and practice need to be revisited in light of the dramatic change in HCV treatment outcomes, and to determine how to ethically change current practice.
Data availability
Data inputs used for the mathematical model are available in Table 1 . 
